Background. Tick-borne encephalitis virus (TBEV) infections may be asymptomatic or cause severe symptoms in the central nervous system. A mutation in the chemokine receptor 5 gene has been associated with increased risk of TBE but explains only a limited number of cases. Investigations of further risk factors are needed.
Tick-borne encephalitis virus (TBEV) is a flavivirus of the family Flaviviridae that is transmitted to humans by Ixodes ricinus and Ixodes persulcatus ticks [1] . TBEVs are divided into 3 subtypes: Far Eastern, Siberian, and European [2] . The European subtype is endemic in large parts of northern and central Europe, and although most cases of European subtype TBEV infections are asymptomatic [2] , a small fraction of patients develop tick-borne encephalitis (TBE) with symptoms such as meningitis or encephalitis [3, 4] . The difference in disease outcome between individuals is most likely due to viral properties and variations in the immune response of the patient [5] . We have earlier shown that a mutation in the chemokine receptor 5 (CCR5) gene increases the risk of TBE after TBEV infection [6] . This mutation was shown, however, to be associated with only a few TBE patients, and further investigation on host genetic association to TBE is needed.
Studies of the West Nile virus (WNV), a flavivirus that shares many characteristics with TBEV, have suggested an association between mutations in genes modulating the innate immune response and increased risk of severe WNV disease. An important molecule modulating the immune response is the Toll-like receptor 3 (TLR3), a receptor recognizing double-stranded RNA (dsRNA). Stimulation of TLR3 leads to the production of type I interferons (IFNs) and inflammatory cytokines such as tumor necrosis factor a (TNFa) [7] . Wang et al [8] first showed that a knockout of the TLR3 gene decreased the risk of central nervous system (CNS) infiltration after WNV infection in mice, suggesting a protective role of a nonunctional TLR3 gene. However, this report was followed by data from Daffis et al [9] , who suggested that TLR3 has a protective role against severe WNV disease in mice.
Another modulator of the innate immune response is 2#-5#-oligoadenylate synthetase (OAS) encoded by the OAS1 gene. OAS catalyzes synthesis of 2#-5#-linked oligoadenylates (2-5A) from ATP. The 2-5A molecule can bind and activate ribonuclease L (RNaseL), ultimately leading to degradation of host and viral RNAs [10] . Lim et al [11] investigated the role of OAS in human WNV disease and found that a missense mutation in OAS1 increased the risk of initial WNV infection. These findings are in agreement with data from mouse studies [8] , wherein a nonfunctional OAS was associated with decreased ability to protect the animals from WNV disease.
The objective of this study was to investigate the importance of mutations in TLR3 and OAS1 gene among severe TBEV infections. Examination of 128 Lithuanian patients with encephalitis and meningitis caused by TBEV infections revealed the wild-type TLR3 gene as a risk factor to develop TBE. This is the first study investigating a possible association between mutations in TLR3 and infection with a flavivirus in humans.
MATERIALS AND METHODS
The study material from the Lithuanian study was identical to that used in earlier studies [6, 12] , with a few exceptions. We analyzed prospectively collected data from 128 TBE patients as well as 77 patients with aseptic meningoencephalitis (AME) who were antibody-negative for TBEV. We also included as controls 135 healthy Lithuanians, matched geographically and by age, who were seronegative for TBEV. As described in a previous article [6] , TBE patients were stratified by severity of symptoms, as mild, moderate, or severe, depending on whether the patients suffered from meningitis (mild) or encephalitis with mono-(moderate) or muli-focal (severe) symptoms. All the DNA samples were analyzed for 3 missense mutations: rs5743305 in TLR3, rs3775291 in TLR3 and rs10774671 in OAS1.
We analyzed TLR3 rs5743305 (in the promoter region), TLR3 rs3775291 (in exon 4, Leu412Phe), and OAS1 rs10774671 (located in a splicing site) by polymerase chain reaction (PCR) and pyrosequencing, essentially as described in a previous article [6] . For PCR, we used >1 lL DNA, 2. Pyrosequencing was performed in a PSQ 96 MA Instrument (Biotage) as described in an earlier article [6] . Sequencing primers and dispension orders are shown in Table 1 . The method distinguishes between homozygous wild-type (wt/wt), heterozygous, and homozygous mutant (mut/mut) genotypes.
We statistically analyzed data by v 2 (3 x 2 contingency analysis) and Fisher exact test (2 x 2 contingency analysis) using Prism 5 software for Mac OS X (GraphPad). The study was approved by the local ethical committee (M140-08) and all the participants gave their informed consent to participate in the study.
RESULTS
In total, 340 individuals were genotyped for each of the 3 single nucleotide polymorphisms (SNPs) included in the study. Of these, 1000 analyses were successful and 20 (2.0%) failed. Of the successful analyses, 1.2% were for TLR3 rs5743305, 3.5% were for TLR3 rs3775291, and 1.2% were for OAS1 rs10774671. Statistical calculations included only samples that were successfully genotyped. The frequencies of the mutated allele for TLR3 rs5743305 and OAS1 rs10774671 were in agreement with the frequencies earlier reported for Caucasian populations in the NCBI database for SNPs (http://www.ncbi.nlm.nih.gov/SNP/), whereas the frequency of the mutated (mut) allele of TLR3 rs3775291 was either in agreement or slightly higher than expected. 
NOTE. PCR, polymerase chain reaction.
The 2#-5#Oligoadenylate Synthetase Gene
For OAS1 rs1077471, the genotype distribution among TBE patients was 69/128 (54%) for wt/wt, 50/128 (39%) for heterozygous, and 9/128 (7%) for mut/mut genotypes ( Table 2 ). The genotype distribution among TBE patients was in concordance with that among controls (n 5 135; 54% wt/wt, 43% heterozygous, and 3% mut/mut) and among AME the patients (n 5 73; 55% wt/wt, 34% heterozygous, and 11% mut/mut; P . .05), suggesting that the mutation in OAS1 had no effect on the risk of developing TBE in this population.
Toll-Like Receptor 3
We found no difference in allele frequency between TBE patients and healthy Lithuanian controls regarding TLR3 rs5743305 polymorphism (Table 2) . Among TBE patients, 47/126 (37%), 63/126 (50%), and 16/126 (13%) were carriers of the wt/wt, heterozygous, and mut/mut allele of TLR3 rs5743305, respectively. The corresponding percentages for healthy controls (n 5 134) were 42%, 47%, and 11%, and for AME patients (n 5 76) were 47%, 38%, and 14%, respectively. Hence no difference was observed in the allele distribution among patients with TBE or AME and the healthy controls (P . .05).
In contrast, the wt/wt genotype as well as the wt allele per se for TLR3 rs3775291 was found more frequently among TBE patients than controls and the AME patients ( Figure 1A and 1B) . A genotypic contingency analysis (3 x 2) for TLR3 rs3775291 was applied and revealed a statistically significant difference between the control and TBE patients (P 5 .02, v 2 ) as well as between the AME and TBE patients (P 5 .009). The wt allele was found to be a risk factor for severe TBEV infection when compared with controls (P 5 .01, Fisher exact test; odds ratio [OR], 1.68; 95% CI, 1.14-2.49) and was also more common among the TBE than 
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The wild-type allele of TLR3 rs3775291 was significantly more common among tick-borne encephalitis patients than among controls and aseptic meningoencephalitis patients (P 5 .01 and P 5 .003, respectively).
among the AME patients (P 5 .003). No significant difference was observed between AME patients and controls regarding TLR3 rs3775291 genotype distribution (P 5 .8) or allele frequency (P 5 .52). When TBE patients were stratified for severity of disease, the allele frequency of TLR3 rs3775291 did not differ between the groups.
DISCUSSION
TBEV is an increasing problem in Europe [13] , and explanations of why certain individuals develop severe disease after infection are important for the understanding of TBEV pathogenesis and for development of new means for treatment. We have previously reported that a nonfunctional CCR5 protein is a risk factor for the development of TBE [6] , but this mutation explains only a small fraction of cases. Further studies are needed.
In this study, we investigated the role of mutations in TLR3 and OAS1, genes that encode modulators of the innate immune response and are thus presumably associated with the pathogenesis of TBEV infections. The rationale for investigating these mutations was that earlier studies have shown an association between mutations in OAS1 and risk of infection with WNV and that lack of TLR3 in mice affects the pathogenesis of the same virus. Here we found no difference in genotype distribution between TBE patients and AME patients or between TBE patients and healthy controls regarding either OAS1 rs1077471 or the polymorphism rs5743305 in TLR3. However, a significantly higher frequency of the wt rs3775291 allele in TLR3 was found among TBE patients compared with AME patients (P 5 .009) or controls (P 5 .02). Also, the genotype distribution differed significantly between TBE patients and controls (P 5 .01) and between TBE and AME patients (P 5 .003), suggesting that the wt TLR3 rs3775291 allele is associated with increased risk of developing TBE. TLR3 rs3775291 is located in exon 4 and is a missense mutation (G . A, Leu412Phe) resulting in a functionally impaired receptor [14] . In vitro studies with HEK293 cells transfected with Phe-412 constructs and stable cell lines expressing Phe-412 have shown attenuated TLR3 signaling [15] . Furthermore, the same mutants reduce coxsackievirus-mediated TLR3 signaling and increase viral replication [15] , suggesting that the TLR3 Leu412Phe mutation is associated with decreased TLR3 signaling and thus may have reduced the inflammatory response in the CNS in the TBEV infected patients. TLR3 is expressed on endosomes in the dendritic cells [7] , astrocytes, microglia, oligodendrocytes [16] , Schwann cells [17] , and epithelial cells [18] , and it recognizes dsRNA, a common intermediate product of the RNA virus replication cycle [19] . The TLR3-phenotype characteristics of the rs3775291 mutation have previously been described by Ranjith-Kumar et al [14] and Gorbea et al [15] . They reported reduction in the induction of NF-jB and type I interferon signaling and observed only homozygous phenylalanine to be associated with poor outcomes. The leucine 412 is located next to a glycosylated aspargine residue whose glycan interacts with dsRNA [20] . Substitution of leucine 412 for phenylalanine may hinder the interaction of the carbohydrate with dsRNA, or it could affect glycosylation and thus reduce the signaling activity of Phe-412. Another possibility proposed by Ranjith-Kumar et al [14] is that the Phe-412 variant is retained in the endoplasmic reticulum by the calnexin/calreticulin system, a proposal also supported by Gorbea et al [15] .
A lack of TLR3 has previously been investigated for importance in WNV infection in mice but with contradictory results [8, 9] . Wang et al [8] have shown that mice lacking TLR3 are protected compared with mice with functional TLR3 receptors, when infected intraperitoneally with WNV. They found that mice with wt TLR3 had increased viral titers and increased leukocyte infiltration in the brain as compared with TLR negative mice. This was suggested to be because TLR3 signaling leads to TNFa release followed by decreased integrity of the blood-brain barrier (BBB), which then allows the passage of WNV more than when TLR3 is nonfunctional [8] . Following this observation, Daffis et al reported that TLR3 had a protective role against WNV infection [9] . They showed that lack of TLR3 was associated with enhanced viral replication in neuronal cell culture and increased WNV infection in CNS neurons after intracranial inoculation. Infection via footpad and intraperitoneal inoculation resulted in higher survival in wt than TLR-negative mice. The intracranial inoculation does not allow the passage over the BBB to be investigated, which may explain the contradictory results, as TLR3 may play different roles before and after the virus reaches the CNS. The discrepancy between results of intraperitoneal inoculation in the studies as well as between subcutaneous and intraperitoneal inoculation [8, 9] remains to be elucidated, and thus the role of TLR3 in flavivirus pathogenesis is still not known. The pathological findings in the brains of humans infected with TBEV are nonspecific, and lesions are located in the brain stem, cerebrum cerebella cortex, pons cerebellum, thalamus, and motor neurons [21] . Our observations indicate involvement of inflammation in the pathology of TBE. Hayasaka et al [21] concluded that CNS pathology alone is unlikely to be the sole determinant of mortality following TBEV infection; the immunopathological effects also contribute to the severity. They found that TNFa levels were significantly increased in mice that died following TBEV infection. TNFa is a proinflammatory cytokine that contribute beneficially, but inappropriate or excessive production can be harmful. Furthermore, Ruzek et al [22] reported a key role of CD8 They concluded that TBE is an immunopathological disease and that the inflammatory reaction significantly contributes to the fatal outcome of infection.
In accordance with the result by Wang et al on WNV [8] , a study of phlebovirus in mice has shown that lack of TLR3 limits the severity of infection. Also, mice deficient in TLR3 have been shown to survive infection with influenza A virus in greater numbers than wt mice [23] .
Our data agree with the results by Wang et al [8] , suggesting that a functional TLR3 is a risk factor in flavivirus infections. This may be, as suggested by Wang et al [8] , because of the effect on the BBB but also on the fact that flavivirus disease is at least partly immunologically driven [22] . It is thus possible that an impaired TLR3 response attenuates a too-strong immune response and thus inflammation and a more severe disease.
Hardarson et al [25] have previously reported that mice deficient in TLR3 are susceptible to encephalomyocarditis virus infection, resulting in significant mortality. The TLR3 deficient mice had impaired expression of inflammatory cytokines and chemokines in the heart and had higher viral load in the heart and liver. Similar data have recently been reported in coxsackievirus B infection in TLR3-deficient mice [25, 26] . In support for a role of TLR3 signaling deficiency in viral diseases associated with myocardia, Gorbea et al [15] screened TLR3 in patients diagnosed with enteroviral myocarditis/cardiomyopathy and found an association between certain polymorphisms and susceptibility, more precisely the Leu412Phe mutation.
In contrast to our data, TLR3 deficiency was previously associated with an increased risk of herpes simplex encephalitis (HSE). Zhang et al [27] reported 2 children with HSE who were found to be heterozygous carriers of a dominant-negative mutation at nucleotide 1660 (G . C, Pro554Ser) in exon 4 of TLR3, causing impaired IFN type I signaling. Moreover, Casrouge et al [28] reported 2 children with HSE with autosomal recessive deficiency in the intracellular protein UNC-93B, resulting in impaired cellular interferon responses. Casrouge et al [28] investigated TLR3 signaling in fibroblasts and PBMC cells from the patients and found an impaired response to polyriboinosinic polyribocytidylic acid (poly(I:C)) in fibroblasts but normal response of the patients' blood cells, which may indicate a strict TLR3 dependence of the poly(I:C) response in fibroblasts and a TLR3-independent pathway in PBMC. Altogether, this may indicate cell-specific, TLR3-specific signaling. The observations show that the inflammatory response in the CNS can be of benefit to a host infected with the neurotropic herpes simplex virus but is fraught with danger to a host infected with the bloodborne TBEV. The mechanisms responsible for the different importance in inflammatory responses between HSE and TBE is unknown but may be due to the route of entry to the CNS.
Furthermore, Ishizaki et al [29] found an association between the mutated allele of TLR3 rs3775291 and an increased risk of subacute sclerosing panencephalitis caused by measles virus. Human TLR3 alleles rs3775291 and rs5743305 have also been investigated for an association with liver disease manifestations in chronic hepatitis C infections [30] , but no difference in genotype distribution was found between the different patient groups.
Both OAS1 [31] and TLR3 [32] are up regulated by type 1 IFN, and interferons in general are known to be important for the immune response against TBEV [33] . Hence, apart from further investigations of TLR, studies regarding mutations in IFNa and b or the IFN receptor would be of interest. Furthermore, even though no difference in allele distribution for the OAS1 rs1077471 was found, it cannot be ruled out that OAS plays an important role in the pathogenesis of TBE or initial TBEV infection, as has been observed for WNV.
In summary, we report an association between the wt TLR3 rs3775291 allele and increased risk of TBE, suggesting that a functional TLR3 is a risk factor for severe symptoms following TBEV infection. This is the first report of an association between a mutation in TLR3 and human flavivirus disease. Further studies on larger human populations as well as in an animal models are needed to elucidate the role of TLR3 in TBEV infections.
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